ABSTRACT: Phlpp protein phosphatases are abnormally abundant within human osteoarthritic articular chondrocytes and may contribute to the development of osteoarthritis. Mice lacking Phlpp1 were previously shown to be resistant to post-traumatic osteoarthritis. Here a small molecule with therapeutic properties that inhibits Phlpp1 and Phlpp2 was tested for its ability to slow post-traumatic OA in mice and to stimulate anabolic pathways in human articular cartilage from OA joints. PTOA was induced in male C57Bl/6 mice by surgically destabilizing the meniscus. Seven weeks after surgery, mice received a single intra-articular injection of the Phlpp inhibitor NSC117079 or saline. Mechanical allodynia was measured with von Frey assays, mobility was tracked in an open field system, and cartilage damage was assessed histologically. A single intra-articular injection of the Phlpp inhibitor NSC117079 attenuated mechanical allodynia and slowed articular cartilage degradation in joints with a destabilized meniscus. Animals treated with the Phlpp inhibitor 7 weeks after injury maintained normal activity levels, while those in the control group traveled shorter distances and were less active 3 months after the joint injury. NSC117079 also increased production of cartilage extracellular matrix components (glycosaminoglycans and aggrecan) in over 90% of human articular cartilage explants from OA patients and increased phosphorylation of Phlpp1 substrates (AKT2, ERK1/2, and PKC) in human articular chondrocytes. Our results indicate that Phlpp inhibitor NSC117079 is a novel osteoarthritis disease modifying drug candidate that may have palliative affects. ß
Osteoarthritis (OA) is a progressive and painful condition characterized by the degradation of articular cartilage within joints. It is a leading cause of disability and hospital visits. [1] [2] [3] [4] [5] [6] The majority of OA patients are managed conservatively through weight loss, exercise or use of mobility aids. Severe pain is addressed with steroidal and non-steroidal anti-inflammatory drugs or with opioids. 7 Although these drugs can temporally provide relief, they are only administered for a limited period of time because these pleiotropic drugs increase the risk of adverse events, such as bone loss, liver toxicity, cardiovascular events and addiction. 8 Other compounds, such as injectable hyaluronans and oral glycosaminoglycans (e.g., glucosamine or chondroitin) aim to increase joint lubrication, but their effectiveness is unproven. 9 None of the currently available treatment options effectively alter disease progression by slowing articular cartilage degradation (catabolism) and/or promoting its regeneration (anabolism) prior to the onset of arthritis. Alternative therapeutic options are needed to relieve pain and prolong articular cartilage viability.
Post-traumatic OA (PTOA) accounts for 12% of all OA cases and is an ideal condition to test new therapies because the disease initiation and development can be tracked and the effectiveness of therapies that might slow cartilage deterioration can be more accurately evaluated. 10 The murine DMM (destabilization of the medial meniscal tibial ligament) model replicates the instability of knee joints caused by some injuries and allows for the testing of potential therapies that address the cellular basis for disease progression.
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Phlpp1/2 (pleckstrin homology domain leucine-rich protein phosphatases 1/2) are intracellular enzymes that dephosphorylate a number of substrates that promote cell survival and/or protein synthesis, including protein kinase B (PKB/AKT), PKC, and p70 S6K. [12] [13] [14] We previously showed that Phlpp1-deficient mice are resistant to cartilage loss and mechanical allodynia in the DMM model of PTOA model. 15 Phlpp1 KO mice also displayed thicker articular cartilage and more articular chondrocytes. Phlpp staining is aberrantly high in articular cartilage from human OA joints and increases in Phlpp1 transcripts are associated with altered DNA methylation and inflammatory stimulation. 15 Phlpp inhibitors stabilize the phosphorylation of AKT2 and PKC on crucial serines and threonines, promoting their activity or stability in chondrocytes, and stimulate matrix production by chondrocytes in culture. 15, 16 In the present study, we tested the ability of a small molecule inhibitor of Phlpp1/2 (NSC117079) with therapeutic properties 17 to slow OA progression in mice and promote matrix production in human articular cartilage explants.
METHODS DMM Surgeries and Intra-Articular Injections
Twenty-four male mice were purchased from Jackson Labs at 6-8 weeks of age. They were acclimated to the new environment for 2-3 weeks before beginning the experiment. Fourteen 12-week-old male C57Bl/6 mice underwent a surgery that destabilized the medial meniscus (DMM) by transecting the medial meniscotibial ligament (MMTL) in the right hind limb knee joint as previously described. 11, 15 Another 10 mice underwent sham surgeries that were performed by opening the joint space to visualize the MMTL without transection. Mice in the sham group received a single 3 ml intra-articular injection of saline (vehicle) or of 8 mM Phlpp inhibitor (NCS 117079, obtained from the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis of the National Cancer Institute) into the right knee joint 8 weeks after surgery (Fig. 1 A) . After hypersensitivity and functional assays revealed no adverse events related to the inhibitor treatment (Figs. 2 and 3 ), we injected inhibitors or saline in the joints of mice that received DMM surgery at 7 weeks post-surgery so the drug effects could be measured for a slightly longer period of time (5 weeks vs. 4 weeks). The estimated concentration of the inhibitor in the joint space immediately after injection was approximately 4 mM, which is comparable to the IC 50 . 17 Intraarticular injections were performed using 50 ml syringes (Hamilton 7637-01) and 30-gauge small hub removable needles (Hamilton 7803-07). Left hind limb knee joints did not receive any surgery or injection and were used as the internal control for each mouse. All animal research was conducted according to National Institute of Health and the Institute of Laboratory Animal Resources, National Research Council guidelines. The Mayo Clinic Institutional Animal Care and Use Committee approved all these rodent studies. Mice were observed daily for adverse reactions in the injected leg (e.g., rash, infection, limping, dragging paws). No adverse events were observed.
Behavioral Studies
Von Frey assays were performed as previously described 15 using flexible monofilaments (0.16 and 0.4 g) (Touch Test Sensory Evaluator Kit, Stoelting, IL) to quantify mechanical allodynia. Mice were habituated to the von Frey chambers for 30 min every other day for 2 weeks preceding the experiment. The number of times each hind paw was withdrawn in response to five applications of von Frey fiber to plantar surface of mouse hind paw was recorded. The assay was repeated six times on two different days. Withdrawal responses in the right paw were divided by the withdrawal responses of left leg based on a total of 30 measurements to achieve normalized values per mouse. Baseline measurements were taken on both hind paws prior to surgery and several times after surgery, before and following intra-articular injection, as indicated in Figure 1B . Activity assays were performed as previously described 15, 18 using VersaMax Animal Activity Monitors (AccuScan Model RXYZCM-16, Columbus,OH). Mice were habituated to the activity chamber by allowing them to run freely in the unit for 20 min four times during the 2 weeks prior to starting the experiment. Mice were also habituated to the testing room at least 2 h before testing and allowed to run freely for 5 min in open chambers prior to the 20-min recording time period. Data were analyzed on a VersaMax Analyzer (AccuScan Model CDA-8, Columbus, OH). Distance traveled (DT), time performing large ambulatory movements (AT), and resting time when no movement was detected (RT) were recorded in 1-min intervals, summed and presented as group means AE SD. All behavioral analyses were performed in the morning (8 am to12 pm local time).
Micro-Computed Tomography
Mice were sacrificed 12 weeks after surgery for microCT imaging and subsequent histological evaluation. Limbs were fixed in 10% non-buffered formalin for 48 h, stored in 70% ethanol and analyzed by micro-computed tomography (mCT) (mCT40 scanner; Scanco Medical AG, Basserdorf, Switzerland) to measure bone structural properties in regions of interest (ROI). The distal femur, joint space, and proximal tibia were scanned with 10.5 mm voxel size using an energy setting of 70 kVp and an integration time of 300 msec. The femoral trabecular ROI was initiated just distal to the medial growth plate, whereas the tibial trabecular ROI included only bone proximal to the medial growth plate. The tibial subchondral bone plate was defined as the medial cortical-like bone that overlays the subchondral region. Images were processed using a custom Image Processing Language (IPL) script. Binary images were produced and analyzed using a commercially available 3D Individual Trabecula Segmentation (ITS) Morphological Analysis and Modeling software (Columbia University, NY). 19 Trabeculae were skeletonized, decomposed into individual trabecular units, and categorized as plates and rods based on geometric properties. The software output included standard morphological measures for plate and rod groupings. The femoral subchondral bone plate density and thickness could not be determined with these methods because its thickness varies and an accurate ROI could not be drawn.
Histology
Following mCT imaging, the right and left limbs were decalcified for 14 days in 15% EDTA. The joints were then dehydrated and embedded in paraffin for sectioning. Sections (5 micron thick) were cut through the entire right and left knee joints from posterior to anterior aspects. Approximately every 10th slide (every 50 microns) was selected for analysis (8-10 slides per knee per mouse), and stained with Fast Green (Sigma #L5382-10g) and Safranin O (Sigma #S2255-25g) as described. 15 Three independent and blinded scorers graded each stained slide following OARSI guidelines. 15, 20 Human Articular Cartilage Explant Cultures Cartilage explants from surgically discarded, de-identified distal femurs were collected from total joint arthroplasties performed at Mayo Clinic as part of the patients' routine care. The Mayo Clinic Institutional Review Board approved all studies. Articular cartilage cylinders were made from damaged tissue in each specimen using a 4-mm biopsy punch at the site of wear along the articular surface. Excised 4-mm pieces of articular cartilage were placed within wells of a 24-well plate and were cultured in DMEM supplemented with 10% FBS, 1% antibiotic-antimycotic and 1Â ITS (InsulinTransferrin-Selenium) in the presence of 5 mM NSC117079 or vehicle (control) for 14 days. Medium changes were performed every 3-4 days with a final medium change on day 13.
Glycosaminoglycan (GAG) Assays
The wet weight of each articular cartilage explant was measured after 14 days in culture. Tissue explants were digested in 2 mg/ml pronase in PBS for 1 h followed by an overnight digestion in 3 mg/ml collagenase. Digested cartilage was diluted 1:100 in PBS and GAG/mg wet tissue weight was assessed using the Glycosaminoglycan Assay Kit (Chondrex #6022).
Immunohistochemistry
Cartilage explant specimens were fixed in formalin for 48 h, decalcified in 15% EDTA for seven days, embedded in paraffin, and sectioned coronally at a thickness of 5 microns. Immunohistochemistry was performed with antibodies (diluted in 1% bovine serum albumin in Tris-buffered saline) 
Western Blots
After explant culture, the tissues were crushed in a dry ice/ liquid nitrogen bath using a mortar and pestle. Cell lysates were collected from crushed tissue in a buffered SDS solution 
Statistical Analysis
One-way ANOVA was performed to evaluate the statistical significance of behavioral responses of mice to different drug treatments (saline versus Phlpp inhibitor). OARSI scores were analyzed using the MAX method, which selects the maximum score out of 10 slides for each knee per mouse, 21 and two-way ANOVA using Tukey's multiple comparison's test. 
RESULTS

A Single
Intra-Articular Injection of the Phlpp Inhibitor NSC117079 Prevents Mechanical Allodynia and Mobility Loss in Mice With PTOA Male C57Bl/6 mice were subjected to DMM or sham surgery on the right hind limb. Mice in sham and
PHLPP INHIBITORS BLOCK OA PHENOTYPES
DMM surgery groups were randomized into subgroups that received an intra-articular injection of either saline or the Phlpp inhibitor (Fig. 1) . Mechanical allodynia was longitudinally monitored by Von Frey assays using 0.16g and 0.4 g fibers. Right hind limbs in both the sham/saline and sham/Phlpp inhibitor groups maintained baseline levels of paw withdrawal with both fibers, indicating that neither the sham surgery nor the Phlpp inhibitor injection caused longterm mechanical hypersensitivity in a structurally intact joint ( Fig. 2A and B) . In contrast, all mice with joints destabilized by DMM surgery exhibited the expected increase in withdrawal response 6 weeks after surgery ( Fig. 2C and D) . Mechanical allodynia continued to increase until the end of the experiment at 12 weeks post-surgery in the saline-treated mice. However, a single intra-articular injection of the Phlpp inhibitor 7 weeks after surgery prevented further increases in mechanical hypersensitivity in the DMM group.
To further test the effects of the Phlpp inhibitor on joint function, the mobility and exploratory activities of mice in both the sham and surgical groups were assessed during 20-min time periods in an open-field assay. In the animals that underwent sham surgery, no difference was observed in ambulation time, distance traveled, or resting time after saline or Phlpp inhibitor injection (Fig. 3A-C) . In the mice that received DMM surgery and a saline injection, ambulatory time and distance traveled declined with increasing post-surgery time ( Fig. 3D and E) . In contrast, the mice that underwent DMM surgery and were treated with the Phlpp inhibitor showed greater mobility and traveled greater distances than mice that received saline ( Fig. 3D and E) . Accordingly, resting time was less in the Phlpp inhibitor-treated group (Fig. 3F ). These data demonstrate that a single intra-articular injection of this Phlpp inhibitor does not cause pain or hamper activity in normal joints but prevents disability and mechanical allodynia in joints with a destabilized meniscus.
The Phlpp Inhibitor NSC117079 Slows Articular Cartilage Loss in Mice With PTOA To determine if the Phlpp inhibitor protected articular cartilage from structural damage, de-identified histological sections from the DMM study were evaluated. No structural damage was observed in right hind limbs subjected to sham surgery or in left hind limbs that did not undergo surgery (Fig. 4) . Importantly, the Phlpp inhibitor did not cause structural damage when injected into a stable knee joint subjected to sham surgery. The DMM surgery caused the expected changes in the articular cartilage, including delamination, clefting, and thinning; however, no difference in subchondral bone structure was detected (Fig. 5,   Table 1 ). A single injection of the Phlpp inhibitor significantly reduced the frequency and severity of these structural changes following DMM surgery (Fig. 4) . These data indicate that the Phlpp inhibitor protects articular cartilage from damage that occurs following knee destabilization.
The Phlpp Inhibitor NSC117079 Increases Glycosaminoglycan Production in Human Articular Explants
To determine if the Phlpp inhibitor would also affect cellular activities in human chondrocytes, articular cartilage explants from OA patients undergoing joint replacement were incubated with NSC117079 for 14 days. The Phlpp inhibitor increased the production of glycosaminoglycans (GAG) in 10 of 11 specimens (91%) (Fig 6A and B, Table 2 ). The Phlpp inhibitor also increased ACAN and HAS2 transcripts (Fig. 6C ) and immunostaining for aggrecan was higher in tissue sections of articular cartilage (Fig. 6E) . No changes in gene expression of Mmp3/9/13 or Adamts4/5 were detected (data not shown). Finally, phosphorylated AKT2, PKC and ERK1/2 were stabilized in human articular chondrocytes treated with the Phlpp inhibitor ( Fig. 6D and E) , indicating that the molecule can diffuse through the cartilage matrix to chondrocytes.
DISCUSSION
After a destabilizing joint injury, articular chondrocytes are exposed to many abnormal biochemical and mechanical signals that alter cellular signaling pathways and transcriptomes, which over time limits their survival and alters the structure and composition of 22 Surgical repairs can realign joint structures and bones, but complete regeneration of damaged articular cartilage is difficult because it is avascular and chondrocytes have a low turnover rate. Long-held beliefs that articular cartilage cannot be repaired were recently challenged by reports showing that articular cartilage in some human joints, particularly distal joints including knees, are capable of anabolic activity and regeneration. 23, 24 Progenitors cells in the superficial layer may be key to this natural repair. 25 Thus, an attractive therapeutic strategy is to slow disease progression and facilitate regeneration by intervening as soon as possible after injury to allow cells within the joint to heal damaged tissues through reactivation of developmental programs. DMOADs would ideally affect one or more anabolic and/or catabolic cellular process (i.e., proliferation, matrix synthesis and degradation, senescence, and/or apoptosis) if they were to be effective OA therapies and reduce pain for longer than a few days. The protein phosphatases, Phlpp1/2, are emerging as facilitators of degenerative diseases such as OA and cardiac ischemia because they repress repair and prosurvival pathways, particularly those regulated by receptor tyrosine kinases. 15, [26] [27] [28] Consequently, Phlpp inhibitors are candidate therapeutics for tissue regeneration. In this study we demonstrated that a single injection of the Phlpp inhibitor, NSC117079, preserves mobility and prevents pain and cartilage degradation in a model of post-traumatic OA in mice. Moreover, human articular chondrocytes incubated with the Phlpp inhibitor had higher GAG and aggrecan levels, which are important extracellular matrix proteins supporting tissue lubrication, hydration, and shockabsorption by the joint. Human chondrocytes responded to the Phlpp inhibitor by increasing phosphorylation of AKT2, PKC, and ERK1/2. These molecules control proliferative, metabolic and survival pathways that promote regeneration and/or slow tissue degradation, although the experiments used in this study were not able to discriminate between these two processes. Phosphorylated forms of these molecules were not detected in joint sections from the mouse study by immunohistochemistry, most likely because of the 5-week interval between drug administration and tissue harvest.
Phlpp inhibitors may directly influence these anabolic pathways, but they may also sensitize cells to Igf1 and other ligands that stimulate signaling pathways that are reduced in chondrocytes. 29 We previously showed that Phlpp1 inhibition increases Fgf18 expression, 16 which has anabolic effects on articular cartilage 30, 31 and is an advanced DMOAD candidate. 32 Future studies are needed to probe these anabolic pathways more deeply and to test the effects of Phlpp inhibitors on catabolic events like senescence and inflammation. The effectiveness of Phlpp inhibitors on other forms of OA and other degenerative joint diseases is also of interest. The mechanism(s) by which a single local injection of a Phlpp inhibitor can attenuate mechanical allodynia for up to 5 weeks requires further study of cellular, inflammatory and neurological pathways active in the injured joint. The dogma is that articular cartilage is aneural and pain is transmitted via other soft tissues in the joint or by bone. We did not observe any structural changes in subchondral bone density that may affect nerve function. The pharmacokinetics and pharmacodynamics of NSC117079 in osteoarthritic synovial fluid also need to be determined and are under investigation.
A perplexing question is why mice with a destabilized meniscus and greater mobility do not develop OA faster than mice that move less. We hypothesize that several factors may be contributing to these results. One is that the Phlpp inhibitor is enhancing cartilage matrix production and thus cartilage that would normally undergo degradation is actually be replenished in real time. Thus, less cartilage destruction is observed. A limitation of this study is that cartilage integrity was not measured at the time of injection (7 weeks), so we do not know if any damage occurred after the injection. Another reason may be that the relative short period of time between injury and assessment of cartilage destruction in this model precludes the development of loading induced cartilage damage, at least during the 12-week monitoring period post-injury. Recent mechanical loading studies revealed few kinematic changes in DMM joints. 33 Future studies will determine how long Phlpp inhibitor treatment is effective and if inhibitors block the initiation of cartilage damage and/or promote regeneration after the onset of cartilage degeneration.
Overall, the data presented indicate for the first time that Phlpp inhibitors may alleviate mechanical pain and slow cartilage degradation in osteoarthritic joints. The mechanisms for these phenotypes remain to be elucidated and may be mutually exclusive. The results reported within are consistent with data generated in Phlpp1 deficient mice. 15 Since PHLPP1 levels are aberrantly high in osteoarthritic cartilage, NSC117079 is a DMOAD candidate. For any DMOAD to be successful, we believe that a comprehensive treatment strategy that includes early surgical intervention and rehabilitation will be needed to stabilize joints and prevent long-term wear-and-tear that may work against the cellular activities of DMOADs.
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